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A COMPUTER STUDY OF HIGH MAGNETIC

REYNOLDS NUMBER MHD CHANNEL FLOW

1.0 INTRODUCTIONI
This is a final report describing theoretical and

*computational studies of the fully coupled motions of a high
speed, high temperature plasma flow interacting with an applied

magnetid field and an external circuit.

The flows of interest may be created by chemical

detonations and the ensuing process may be either inherently
unsteady [1] or quasi-steady [2]. In the unsteady process

1 (Fig. 1) the flow consists of a hot plasma ("plasmoid") formed
between a driven ionizing shock wave and its following contact
surface. The plasmoid is created by a sudden release of energy

into a driver section which is in contact with a test gas in

which the plasmoid propagates. The conducting plasmoid enters
a region in which an externally imposed magnetic field B(0 ) and

electrodes coupled to an external circuit exist (Fig. 1). The

plasma conducts current to this external circuit and is subject
to Lorentz forces and Joule heating as it propagates through

the magnetic field. If the explosion drive is a chemical
source, such a plasmoid will be of the order of 5-20 cm in

length in traversing a magnetic field region of the order of

100 cm at velocities of the order of 104 ms -1 . The plasmoid

Imay exist at pressures up to 1 k bar and energies of up to
5 eV.

IIn a steady flow device, the physical schematic is the

same as in Fig. 1 except that a stagnation chamber exists ahead

Iof the MHD channel in which the explosion driven gases are

processed. This configuration yields a hypersonic channel flow

which is quasi-steady over the flow time scale in the channel.

If Cr0 , poUoo are the characteristic electrical
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conductivity, mass density, velocity, and applied magnetic

field, the flow may be specified by an interaction number i and

magnetic Reynolds number rm (in addition to the gasdynamic Mach

number):1
=00 R = ooUo(1)

~p 0 u0

For an interaction region of length L, the nondimensional

Jnumbers are defined as
L L

I S f idx fr dx (2)
0 0

When Rm >> 1, the appropriate measure of the interaction is the

parameter S defined as

S a(B1-/ROL)/(p 0U2) (3)

where the spatial average <> is over the electrically conduct-

ing portion of the region L. For a uniform plasmoid of length

a, these numbers become I - OB2a/ PoUo, Rm - uoUoa ,

S - I/Rm. In the case of a steady flow situation, the

characteristic length, a, may be selected as the height of the

duct.

]It should also be noted that the square of the Alfven
2Mach number, MA, is equal to the reciprocal of the interaction

]parameter S (see Appendix A). Thus, electromagnetic effects

can nominally propagate upstream ("upstream wakes") for R. >> 1

only for S 1 or MA < 1 (see [31). By strong interaction we

mean flows for which S > 1 and by high magnetic Reynolds number

we mean Rm > 1.

The primary parameters describing the motion are thus

the gasdynamic Mach number M, the interaction parameter S (or

I), and the magnetic Reynolds number R,. In addition, a number

[ of secondary parameters are required to specify the motion.

2



These include the ratio of electrode length to duct height, and
when current flows to the external circuit, the external

current parameter £JROIc/B0 where Ic is the current per unit

depth flowing in the external circuit.
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Fig. 1. Schematic of explosion-driven plasma flow.
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1 2.0 REVIEW OF PROGRESS

IIn these studies the authors at STD Research Corporation

have presented solutions to a succession of progressively more

Jcomplex initial value and boundary value problems building up
to the strong-interaction, high magnetic Reynolds number

motion. Thus in [4], the strong interaction, high magnetic

Reynolds number motions were studied in the quasi-one-

dimensional approximation. In that work several important

phenomena were revealed for the first time. It was shown that

under conditions of strong interaction and moderate-to-high

magnetic Reynolds numbers the interaction zone progressively

decouples from the shock front and evolves into a magneto-

hydrodynamic discontinuity (suitably dispersed depending upon

the magnetic Reynolds number) which moves at the particle speed

of the fluid rather than at the shock front speed. It was

further shown in [4] that upstream running shock waves will in

general be created in the interaction zone under conditions of

large interaction parameters.

In [5] the authors considered the two-dimensional motion

under conditions of low to high magnetic Reynolds numbers but

under conditions of weak interaction. In this case, the

electrical motion is that which results from a two-dimensional,

high-speed, turbulent flow proceeding in a constant area duct;

since the interaction parameter is vanishingly small the fluid

motion is not influenced by the electrical motion. Since there

are no geometrical nonuniformities or magnetohydrodynamic

forces operating on the fluid, there are no shock wave

interactions set up. The principal fluid nonuniformities are

the turbulent boundary layers generated on the duct walls. In

these studies the detailed eddy-current motions in the non-

uniform regions of the applied magnetic field were revealed;

but more importantly, the current distribution within the

conducting fluid resulting from the electrode system and the

external circuit current were also revealed. In particular it
4[



I was shown that for magnetic Reynolds numbers in the range 10 <

Rm < 20 the current flowing between the electrodes is convected
fully downstream of the electrode gap. As a result, the

Lorentz forces which would act on the fluid exist downstream of

(and not within) the interelectrode gap. It was further shown

that even for electrode systems which are maintained such that

the electrode edges do not extend into the fringe field of the

applied magnetic field, there is still considerable coupling of

the fringe field induced eddy-cells and the electrode system,

particularly when the external circuit is open.

In (5] the authors studied a quasi-three-dimensional

description of the strong interaction-high magnetic Reynolds

number regime. There it was shown that the Lorentz forces

concentrated in the magnetic boundary layers under strong

interaction conditions would stall these boundary layers and

establish a recirculation cell system in the duct with a

central jet of plasma which would be relatively free of Lorentz

forces. Because of the restrictions of the quasi-three-

dimensional model, the reflected-upstream moving shock waves as

well as the details of the recirculation cells cannot be

described. Only the onset of stall and recirculation can be

predicted.
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AT STRONG INTERACTION AND HIGH MAGNETIC REYNOLDS NUMBER
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2. THE MATHEMATICAL DESCRIPTION OF MAGNETOGASDYNAMIC

FLOWS AT STRONG INTERACTION AND HIGH MAGNETIC REYNOLDS NUMBER

2. 1 Fluid Conservation Laws

We may describe the fluid in terms of its mass density, p,

velocity U, and internal energy e. We describe the electromagnetic

effects in terms of the electric field E and magnetic field B. These

variables are considered to be general functions of space x and time t.

The conservation laws for mass, momentum, and energy are

at

- (pu) + 17- (pUU) -T + J XB (2)

a P( U u2/2 )] + +U(E +u/Z) Pul = V (F- U~) -V 7 * E (3)

In the conservation laws, ; is the total pressure tensor and

q is the heat flux vector. This system of conservation laws is completed

in the limit of infinitely fast kinetics by the kinetic and caloric equations

of state

p - p(p, -) (4)

C (p, T) (5)

where p is the isotropic part of the stress tensor iT and T is the

temperature. For a general fluid the state equations, Eqs. (4), (5) cannot be

- explicitly given but are embedded in the general statistical mechanical

description of the equilibrium thermochemistry of the system.
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In the case of a perfect gas with particular gas constant R

and specific heat ratio y explicit formulae may be given:

p= pRT (6)

-1
= (-y-l) RT (7)

p =P(- 1) (8)

2.2 The Electromagnetic Contributions

The electrical equations (consisting of the Maxwell equations

and the generalized Ohm's law) govern the electric and magnetic fields

E,B and the conduction current density ". In the hydromagnetic limit

these are

xE =(at

V x B = (10)

V.B =0 (11)

7 = r(E+ U FB + (K2

where is the thermal diffusion flux ector,

"TK K .

andK" is given by Ii]

a -[0")VT +9)V~T x F+ 0) (VT x B) XB

N
SI[ (1)vp+P(2) VPaX F+ 0(3) (7P B")XB] (13)
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The ", *"andP " are transport coefficients defined in

[11, T is the electron temperature and the 'subscript a denotes a
plasma component.

The contributions to the momentum and energy of the system
by the electromagnetic field are contained within the Lorentz force,

7 X N and the Lorentz power E. The Lorentz force may be

represented in terms of the Maxwell stress tensor T. as

T XW = T (14)

wher'e the Maxwell stress tensor is defined as

Correspondingly the Lorentz power may be represented in terms of the

Poynting flux S and the electromagnetic energy density e

S m (16)at

The Poynting flux S is defined as

= (17)

while the electromagnetic energy density is

em I 'o t B 2/Z (18)

Let us expand the Poynting flux in terms of 7, F through the use of

the Ohm's law

* 7=

, We have

4



.1
os'~( ) ^ ( x
^"g -(Aoo), X -90' (U ) X ^" o-

The term 3 X B is simply V - T The term (U X B) XB is readily

shown to be

which can be rearranged to

( X F) X U (F F - T)-"(B 2 lz)

The Poynting flux is therefore represented as

S " em -V- + r1T7-Kx (19)

where rl a (90(r)  is the magnetic diffusivity. We note that the Poynting

flux can be decomposed into four constituent parts: (a) a purely convected

flux of electromagnetic energy carried by the motion of the medium

(emt6); (b) a power flow represented by work done per unit time by the
Maxwell stresses acting on the moving medium -U .T ; (c) a diffusive

flux of electromagnetic energy driven by gradients of the Maxwell stress

tensor (+r. . ); and (d) a power flow represented by work done per unit

time by the thermal diffusion flux (-nJ K X B).

The electric and magnetic fields and currents may be expressed

in terms of vecter potentials A and scalar potential * as

B X A (20a)

(ZOb)

aI
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2.3 Fluid- Electrical System

The mass, momentum, and energy equations for the general,

viscous, hydromagnetic system may now be expressed as

PA + 'M 0(2!)at

+7.r=7.r (22)
at

+  7 (T - ) - . 7- + 6 ( (23)
at

In the above pT = p is the momentum density and r is the total fluid

and electromagnetic momentum flux

P " + ;I F(24)

The total energy density is

e = p(e + U2 /2) + e m (25)

and H is the total enthalpy flux vector

H = [(e+p)T- • U (26)

The fluid stress tensor 7 has been decomposed into a pressure p and

viscous stress tensor -r where

P 3 . Trace (i') (27)

andV 7 -- T - + (28)

r We may define the electromagnetic pressure pm as the mean

normal compressive Maxwell stress:

6



Pm Trace( ) (29)

Expressed in terms of the magnetic field intensity B, the pressure is

m 3(30)

or expressed in terms of the electromagnetic energy-density e
m

o 1 (31)

The Maxwell stress tensor may be decomposed into a mag-

netic pressure p. and a Maxwell stress deviator from isotropy T, as

" T , Pm (32)

Equation (32) may be thought of as the defining equation for the Maxwell

stress deviators T*. The mass, momentum, and energy equations may

now be rewritten in alternative form as

2 + .V 0 o(33)
at

+ V. . = 7. F + V. - T (34)

a.
wt +V - U- -T* + T "T B) (35)

In the above, G is the total momentum flux with only the magnetic pressure

included as the magnetic contribution

G UU + (p + pm) (36)

while 9 is the total enthalpy flux consisting of both fluid and electro-

magnetic pressure and energy contributions.

e= [ + (p + Pm )] (37)

i
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In terms of the total energy density e, the momentum density

g, and the electromagnetic energy density am, the state equations (6) -

(8) become

p (Y-)[e - *m - 2/ 2P]  (38)

T = p/pB = ' am Z/Z] (39)

Let us now consider the transformation of the electrical

equations (9)-(12) into more useful forms. Combining Eqs. (9)-(12) we

obtain the governing equation for the magnetic induction M'.

if - V x ("x) =- x (n x 1) + 7 x (4o)
at

We note that given the magnetic induction F(x',t) governed by Eq. (40)

one immediately has specified the Maxwell stress tensor 7 and the

electromagnetic energy density em. Further, the current density T is

determined from B as

7 1 x I

and the electric field E as

"=-" x F + rV x B-

2.4 Viscous and Heat Conduction Effects

Let us now make some observations about the viscous stress

tensor 7 and the heat flux vector q. The Navier-Stokes moments of

the Boltzmann equation yield kinetic theory forms of these quantities:

T L a21&(VU) 0  (41)

q L = -T (42)



!
In the above, g and X are the coefficients of viscosity and thermal

conductivity and (7U) is the synumetrized, traceless velocity gradient

tensor:

a0j u. au- 1 au
ji X2 ax 38

We denote the stress tensor and heat flux vector with a subscript L to

denote that these are laminar quantities. If, on the other hand, we

interpret the fluid variables p,U,T,""" as turbulent mean quantities,

then T and ; contain turbulent contributions due to the turbulent velocity

and enthalpy correlations. Hence, the complete stress and heat flux

fields for a turbulent hydromagnetic medium are

PU ) + L

where U',h' are the turbulently fluctuating velocity and enthalpy and ()
denotes an ensemble average. A detailed higher order closure theory for

7 the turbulent contributions (pU U ), (pU h') is given by Demetriades,

Argyropoulos . and Lackner [2]. The radiative heat flux is qR" Since

the optical depths in dense, explosion generated plasma are so small,

the radiative heat flux is only important in layers near the plasma surface

of the order of the radiation free path.

2.5 Nondimensional Forms

Let us consider the nondimensionalization of the fluid equations

(33) - (35) and the electrical equation (4 ). For this purpose let us

specify characteristic values of the variables as p0,U0ee0,P0,T as
well as magnetic field Boo We define a characteristic length L and

characteristic time t0  L/U 0 . We indicate nondimensional variables

with (.I

9
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The fluid and electrical conservation laws then become

-[;

ae LI ]+[ 1")M2Rp 1
at L

- m • (45)

atM

-7 - O

at

In the form in which the Maxwell stress tensor is decomposed the left hand
sides of the momentum and energy equations take the forms

SV- -T*

atI

1a +7.H-sV.(U •T*) - +O t 8t

JThe nondimensional variables are defined as

It *U 0 t/L V LV

U TU
laP •P/Po

1 N W /P0 U0

to



T T/T 0

PE LYXiMJ] + U+ Se

* (B /*

E F /U 0 B 0

B / B 0

Az A/(B0 /L)

* /(U 0B 0L)

J/(^OUBO)

-- m ) -
-Z -- -- I

r *p uu+ (ym 2 1 p I- sr

H [+ (yM 2 )p + S] 6

r r/(B /40 L)

where

* X(p0,To). go0 a (p0.TO). no in(PO. TO)

The state equations (38). (30) in nondimensional form are

401



P=Y(Y-)Mz[e -Sem -~i

p

j It can be seen that the general viscous hydromagnetic equations

contain six fundamental nondimensional parameters. These are

M Mach number U0/( P0/P0

S Interaction parameter (B,/Z',L0 )/(P 0 Uz)

RE Magnetic Reynolds number (UoL/Ai0 )

R Viscous Reynolds number P0 UoL/IL0

PR Viscous Prandtl number (CpILO/x O )

We note that the Alfvdn speed CA is defined as

1/2
CA -- (BZ/'O)

and the Alvin Mach number is MA = U/CA. Hence the interaction param-

eter S is also twice the reciprocal of the square of the Alfven Mach number.

For flows in the absence of viscous and diffusion effects

Rm a*, R e -a* we obtain the inviscid hydromagnetic equations:

I (47)
at~

- 10 (.48)

12



+ H T (49)at

- VX(UX B=O (50)

at

The jump equations across hydromagnetic shocks immediately follow

from Eqs. (47)-(50).

G - S • } = 0 (52)

{H U T t 0 (53)

{ x (x = 0 (54)

where { } denotes the difference in the quantity across the shock surface

and n is the normal to the shock surface.

Since the electrical conductivity achievable in nonideal plasma

is large but finite, the magnetic Reynolds numbers are not infinite but

perhaps vary in the range 1 R m :5 20.

In this range, the appropriate system is the nviscid, finite

conductivity hydromagnetic system:

+=0 (55)
at
a + .r -o (56)

I1
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- - _

+ H -SR M '7 7T) (57)a " m

at

or in the alternative form, the momentum and energy equations are

--
- + S.G : 'ST (56a)
a t

a_e+ 7.H = S 7'" (U SR M .(l.T ) (56b)at"• ')- m

Z.6 Applied and Induced Fields

Let us separate the magnetic field B into an applied portion
9(o) sustained by currents external to the plasma and plasma induced

portion 9(i) which results from currents flowing within the plasma:

= -(o) + M(i) (57)

The induction equation, Eq. (58), then becomes

-{ ~ i } = =i R1 --

--(o) -(o)
-i Vx(rVxB ) - B (58)

where o is denoted (0)

at

I
i
1

1 1
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STRONG INTERACTION MAGNETOGASOYNAMICS OF SHOCK-GENERATED PLASMA

D. A. Oliver, T. F. Swean. D. M. Markham. and S. T. Demetriades
STD Research Corporation

Arcadia. CaliforniaI
Abstract

The magnetohydrodynamic behavior of shock- When R > > 1. the appropriate measure of the
generated pulses of plasma ("plasmoids") in intereAton is the parameter S defined as
encounter with an applied magnetic field is
studied. Reflection and transmission of the
plasmoid shock front is revealed as Well as the Sa (3)
existence of Joule heated zones which are BO/

convectively unstable. It is shown that strong
interaction plasmoids are not delimited by shock
front and following contact surface; rather, they where the spatial average () is over the elect-
develop their own internal, evolving structure rically conducting portion of the region L. For a

under the mutual Influence of self Joule heatlng, uniform plasmoid of length a. these numbers become
and induced magnetic field. As a result, the Z
interaction zone behind an ionizing shock wave will I a ,OB 0 a/p 0 Uof Rm = qo9oU0a, S z I/Re
progressively decouple from the shock front and
follow a trajectory given by the particle motion of Pulsed magnetohydrodynamic flows have been
the gas rather than the wave motion of the shock examined in the Case of low magnetic Reynolds
front. number (Rm << 1) and weak interaction (I < 1)

Because of the low interaction, these studies
I. Introduction revealed simple current flow through the plasmoid

and weak magnetohydrodynamic deceleration.

In the present work we study the behavior of The transverse ionizing shock wave which forms
shock-generated magnetohydrodynamic flow over the the front of the plasmoid has been extensively
range of weak and strong magnetohydrodynamic" studied in the limit of infinitely large magnetic
interaction and low to high magnetic Reynolds Reynolds numberS'', In addition to the exposition
numbers. Such a flow consists of a hot plasma of the general Rankine-Hugoniot conditions for
* 
5
plasmoid5 formed between a driven ionizing shock these shocks

$  
it has also been demonstrated the

wave and its following contact surface. The such shock waves can be reflected as well as trans-

plasMOid is created by a sudden release of energy mitted upon encounter with an externally imposed
in a driver section which is in contact with a test magnetic field. These studies also showed that the
gas in which the plasmoid propagates. Such a flow electric field in front of the shock must be self-
may be driven, for example, by the use of focused consistently determined with the dynamical state

chemical explosivesl
,
2. behind the shock and the electrical boundary

conditions imposed upon the gas.
The conducting plasmoid enters a region in

w hich an externally imposed magnetic field T and In the present study, we examine the
electrodes coupled to an external circuit %xist magnetohydrodynamics of the whole plasmoid In its
(Fig. 1). The plasma conducts current to this encounter with, and transit through an externally
external circuit and is subject to Lorentz forces imposed magnetic field. We show that under con-
and Joule heating as it propagates through the ditions of strong interaction. hypervelocity
magnetic field. If the explosion drive is a plasmoIds can possess a rich variety of magneto-
chemical source, such a plasmoid will be of the hydrodynamic phenomena including magnetically
order of 5-20 cm in length in traversing a magnetic reflected shock waves, embedded MHD disconti-
field region of thl ordir of 100 cm at velocities nuities, and significant periods of transonic flow
of the order of 10 ms . The plasmoid may exist within the plasmold. In particular, we reveal the
at pressures up to 1 k bar and energies of S eV. dynamics of reflected and transmitted waves through

the plasmoid in both the low and high magnetic
I f .. Pv U are the characteristic electrical Reynolds number regime. We reveal the behavior of

conducti
4

ty' ;&ss density and velocity within the electrothermally unstable plasmoids. We show that.
plasmold. the flow may be specified by an inter- in general, the plasmoid is not delimited by the
action number per unit length i and magnetic region between the shock front and contact surface.
Reynolds number per unit length r (in addition to Instead. the plasmoid develops its own internal.
the goadynamic Mach number), a evolving structure governed by the mutual inter-

action of self-heating and induced self-fields.

(1) Shock-generated hypervelocity flows of this
0 m a 0 0 OU 0  kind are subject to a variety of nonideal

0~ phenomena. These include wall Interaction effects
(viscous losses. gas leakage, and ohtic voltage

For an Interaction region of length L. the non- drops in boundary layers), thermal radiation
dimensional numbers are defined as losses, and kinetic/ionization relaxation effects

L L behind shock waves. In the present study we ignore
L these effects and examine those phenomena which

f I dK Rm f r m dx (2) arise specifically from the magnetohydrodynamic

0 

0 

1
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interaction. of the plasmoid is then given by Ohm's law and the
Maxwell equation in the MHD approximation:

In Part II of what follows we present a mathe-
matical description of the flow of quasi-one-
dimensional plasmolds. In Part III we examine the J a (E US - U 0  (7)
dynamics of strong Interaction plasmoids with an
applied magnetic field but at low magnetic Reynolds
number. In Part ZV we similarly consider strong
interaction pIasmoids but at large magnetic Rey-
nolds number. In Part V we Illustrate the behaviora (
of "transitional" plasaoids. These are flows In (E - U -U (-)
which the plasmoid enters the magnetic field at
relatively low values of interaction parameter and
magnetic Reynolds number. As a result of self- where rj a (oar) " is the magnetic diffusivity.
Joule heating, however. the plasmoid conductance is
elevated as it progresses through the field External Interaction conditions with an
carrying it into the strong interaction, high external circuit including inductive coupling with
magnetic Reynolds number regime, the applied magnetic field coil are required to

complete the description of actual flow situations.
11. Mathematical Description Rather than Include such circuit detail in these

illustrations we assume that the external circuit
A. Conservation Laws for Fluid and Electricity is configured so that an electric field r .

t(O0.E.0) is maintained within the interelectrode
We consider a quasi-one-dimonsional descrip- region whose magnitude is uniform in space and

tion of the gas moving over the spatial coordinate given by
x In time t. Average properties (over the cross-
section) of the duct describing the flow are its E a K(UB) (9)
density P . internal energy C , velocity U. and
pressure p. The magnetic f eld Ir we separate Into
an applied field E. and a field V. induced by the where K is a "load" parameter (0 S K 5: 1). For a
plasma currents. %ram these we Aeleot the total passive external circuit, the value X z 0
mass. momentum, and energy densities corresponds to a shorted external circuit; for K

z r 1 the external circuit Is open circuited.
/ + B I The fluid variables P p.T. w.U are nondimen-

as the state W(x.t) specifying the flow at any sionalized by the values Po.p 0 To. ir0U 0
point in space and time: characterizing the Interior of the iniLial pla-old

before encounter with the magnetic field. Nor

r 1dimensional space and time 7.t are defined in terms
t 1 (14) of x. nondimensionalized by the plasmoid length a.

M(x, n and t by a/U0 . The nondlmensional parameters
governing the interaction are the Mach number M,
the gas heat ratio Y . either of the interaction

The fluid conservation laWs are parameters I or S. and the magnetic Reynolds number
Rm

aW 8L B. Boundary and Initial Conditions

X In the limit of Rm -4 . the system consisting

of Eqs. (4) and (7) is fully hyperbolic. For
In the above. F represents the convected fluxes of finite. R , the system is mixed hyperbolic/parabolic
mass, momentum, and energy whle €ontains the with emledded regions where resistive effectsLmrent u frce and pwer assoilated Zcth the applied occur. The boundary and initial conditions whichL orgnti field and te Joule disspetion. e specify the Interaction problem for an explosionare epresied in terms of current density 1 a generated plamoid encounter with a magnetic fieldaneic f id are as follows. As an initial condition we take anm 80. idealized explosion driven flow in which the

r rn 0 plasmoid of liven breadth a occupies the hot zone
. between contact surface and shock front' (Fig. 31).

L n/ p B AS .=o (6 At time t a 0 the shock front is located at theL 0 edge of the magnetic field. Over the time scale

Bt/e+p 522po) L 'T -cTX No) for the dynamics of Interest the shock front of theplaamold will run continuously into the quiescent
driver gas while the backward running rarefaction

In this illustration study we assume that the continuously runs into the explosive Source. Hence
kinetic effects are confined to the relaxation the boundary conditions for the fluid equations are
layer at the shook, and further, that the those of specified explosion and quiescent statesrelaxation layer is thin sh c opared to the overall at the boundaries a a L1 . x a ..L respectively.
thickness of the plassold. The boundary condition for the induced magnetic

thiened of trom Eqp() ha f ymetydcrsFor the samle geometry (xy,z) of Fig. 1, the field , from Eq. (8) is that of symeetry acrossmagnetic field T is given by I0,Ol). the electric the overall plasmoid so that at x % L . I a -a.geld by I R 000), aind the current by i * which lie outside the region of any ourrjnt flow 2

710.J.0). The description for the near fields J.9I

2 
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aI(-L2at) -Si(LIt) reestablishes high velocity flow through the

plasmoid and reencounters the transmitted shock

The applied magnetic field B0 is uniform in both front which has been decelerated. During this
space and time. period of strong wave dynamics the current

distribution within *the plasmoid is strongly
C. Numerical Procedures affected (Fig. 5). The current is diminished to

very small values during the period of plasmoid
The solutions to the initial-value problems deceleration behind the reflected shock I. and then

formulated above and to be discussed in Parts III. returns back to enhanced levels after passage of
IV. and V are computationally generated with secord the fast reflected shock II. The low magnetic
order accurate explicit finite difference opera- Reynolds number of the plasmoid allows the current
tars. The hyperbolic system is treated with the to diffuse nearly uniformly throughout its breadth.
MacCormack version of the Lax-Wendroff-Richtmyer
operator 10 . For the space-time grid utilized. IV. Interaction at High Magnetic Reynolds Number
comparisons were made with the analytically
available solutions for the zero and infinite R . We next consider the behavior of a uniform con-
zero interact!on limits. At the extreme pressure ductivity plasmoid in the high magnetic Reynolds
ratios of 10 between driver and driven gas for number regime. For this case the incident plamoid
these explosion generated plasmoids, the maximum has an interaction parameter I x 20 as in the pre-
variations between the computationally generated vious illustration but a magnetic Reynolds number
and analytical solutions within the plasmoid R z 5. Correspondingly. the interaction number S
(expressed as a fraction of the analytical has the reduced value S a 4. ,The full conditions
solution) are 0.025 in velocity, 0.04 in pressure, for this flow are given in Table II. The encounter
and 0.08 in temperature. of this plaseoid with the magnetic field is similar

to that of Part III. The features peculiar to the
I1. Interaction at Low Magnetic Reynolds Number higher Reynolds number are best perceived in the

current distribution of Fig. 7 which is more
We now proceed to the first of several nonuniform compared to that of Fig. 8. When the

illustrations of the foregoing description. We current levels rise behind the reflected shock 1I.
consider first the strong interaction of a plasmoid they do so by directly following the shock until it
with the magnetic field but at low magnetic merges with the transmitted front. The current max-
Reynolds number. In Fig. 2 the kinematics of this imum then remains at the shock front of the plas-
situation are shown. When the incident plasmoid moid. As a result of decelerating Lorentz forces
encounters the magnetic field, the leading shock concentrated immediately behind the shock front.
front may be both transmitted and reflected. In the shock front is slowed and the overall breadth
the case of reflected fronts, the rear (contact of the plasmoid is decreased as it progresses
surface) of the plasmoid subsequently interacts through the magnetic field. This is in contrast to
with the reflected shock front. This colliding the plasmoid dynamics of Parts III and V.
disturbance then radiates a fast and slow reflected
shock (denoted shock I) back through the plammoid V. Transitional Plasmoids
(which consists of subsonic flow behind the
reflected shock front) where it then collides with We now turn to consideration of plasmoid behavior
the now strongly decelerated shock front, with a coupled electrical conductivity model. In

contrast to the previous illustrations in which the
For the illustration shown here, we s3 lect a conductivity is spatially uniform within the high

plasmoid with Mach number M x 1.64. interaction temperature plasmoid and vanishes outside, we
parameters I z 20. S s 200. and Reynolds number R consider a conductivity which is appropriately
a 0.1. just before encountering the magnetic field, coupled to the thermodynamic state of the gas. As
The full conditions for the flow are given in Table a result, local regions within the plasmoid can be
I. We impose the condition that the electrical rendered more conductive by the self-Joule heating
conductivity is spatially uniform within the high of the plasmoid. With the electrical conductivity
temperature plasmoid (we consider electrical strongly coupled to the Joule dissipation, a
conductivity functions which are consistently plasmoid in the low I. low R range can evolve into
coupled to the gas thermodynamic state in Part V). the large I. large R ra ge as it progresses
This uniform conductivity distribution is achieved through the magnetic flld and experiences further
In the computations with the model conductivity Joule heating. We term such flows "transitional"
function plasmoids.

0 T/T 0 < 1/3 We consider a conductivity function of the form

0 T/To t t/3 .1 +-1 (10)

which effectively switches on a constant conduc- In the above @, is an electrical conductivity of a
tivity ff within the plasmoid and switches the neutral specieAn background and ae is the Coulomb
conductiviy off outside the zone in which the conductivity. We use as a suamwy representation
plasmold exists. The dynamics of the interaction of these two contributions the forms
are exhibited in Figs. 4. 5, and 6. When the
plasmoid shock front encounters the magnetic field, ..
it is both reflected and transmitted. The (.L (11)
reflected shock I collides with the contact surface Cn 0 To
and initiates a fast reflected shock II and a slow
reflected shock. The fast reflected shock 1I

3



..- T (12) state, the plasmoid is electrothermally unstable

tw 2 o ff lA and creates Its own. evolving region of enhanced
electrical conductance which carries most of the

where Z ff s the average effective ionic charge current and is convected at the fluid speed within
and ' 0.' InA. n > 0 are parameters for a given the plasmoid. The shock front becomes increasingly
gas. free of current and runs progressively farther

ahead of the unstable current structure embedded in
The conductivity function Eqs. (10)-(12) is the plasmoid interior.

dominated by the partially ionized conductivity ff

a t low temperature and goes over to the CouloMB Nonideal phenomena such as viscous well layers.
(fully-ionized) conductivity at high temperature. kinetic-relazation effects behind the shock front.
This conductivity function has the property 8a/8 T- and thermal radiation loses can play important
0 over the entire range of temperature. Since roles in these strong interaction flows. The basic
there are no thermal energy loss mechanisms (Which structure of the ma gnetohydrodynamic interaction
would be principally radiative) Included in the itself, however. is a prerequisite to the

* model, the plasmoid is unconditionally eleetro- description and understanding of these additional
* thermally unstableS' U . This convective modifying effects.

instability is simply a growth of temperature non-
uniformities Within the plsamoid due to intensi y- VII. Acknowledgements
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APPENDIX C

HIGH MAGNETIC REYNOLDS NUMBER EFFECTS

AND STRONG INTERACTIVE PHENOMENA IN MHD CHANNEL FLOWS

D. A. Oliver, T. F. Swean, Jr., D. M. Markham, C. D. Maxwell
and S. T. Demetriades



HSIGN HNPI3T1C UYNOLOS W ZER AM STRONG IMPACTZON PHIPOW)MEA IN 142D CMWU I FLOWS

D. A. Oliver, T. T. Swean. Jr., 0. M. MarkhamC. 0. Ma ell and S. 1. Dometriades
STO Research Corporation

Arcadia, California 91006

1. INT24ICOtN In Part IV we consider the three-dimenional strong
interaction dynamics of a steady hydromsagnetic channel

Zn this paper we mamine mom* phenomena of interest flow at high magnetic Reynolds numbers. The quasi-
in sagnetohydrodynamic (Her ) channel flay a high one-dimensional. strong-interaction, high R unsteady
magnetic Reynolds numer. Such flows may be created by problem is treated in fef. 3.

chemical explosion* and the esutig MW process may be
either inherently unsteady A or quasi-steady.

1  
it. Unsteady Nigh haumetic Reynolds Number

Electrical Conducti on

Zn the unsteedy process (Mig. 1) the flow consists

of a hot plasma (plasoide) formed between a driven A. Governing Ilectrical Eq1aioft
ioazinag shock wave and its following contact surface.
The plammoid is created by a sudden release of energy Let us now consider the form of the electrical
into a driver section which is in contact with a test equations. The Maxwell equations and OLO's law govern
gas in which the plammoid propagates. The conducting the electric field i, magnetic field 0. and current
pLamid entera a ion i which an externally imposed density T. Let pa the axis aligned with an applied
magnetic field S and electrodes coupled to an magnetic field and let %.y be the coordinates
external circuit mist (Fig. 1). The plasma conducts defining the plane of conduction. The current vector
curret to this external circuit and is aubject to - - -
Lorentz forces and 4oule heating as it propagates then becomes J - J(Jx.J .01. the magnetic vector
through the magnetic field. If the explosion drive is - - -y -

a chemical source, mh plsesoid will be of the order becomes a - 3(OO..), and the velocity U - U(XU 0 0)
of 5-20 an in length in traversing a magnetic field -

Rin of im 0fdar of 100 cm at velocities of the re .7 in l current rector noodineasiomaLiaed as
ogder of 1f as . The plasaoid may xist at pressures ms.0'i_ th aximm 'aloe of the ap. lNd
up to k br a eergiee of up to S eV.

magnetic field. 0 is the velocity nondlmn~lonalised
In a steady flow device. the physical schematic is -

the me as in Pig. I except that a stagnation chamber on the duct inlet velocity V . is the magnetic field
exists ahead of the HO channel in which the explosion nondimerALoneliaed on the maximsum applied magnetic
driven gas*s are processed. This configuration yields field as. We d4, le the magnetic into thea hyperonlic channuel flow whtich is quasi-st*dy over appie~ld mportion 9 4" an portion a; which is

the flow time scale in the channel . induced by the currents flowing in the plama. Thea hperoni chnne flw wichis uas-stadyove aple porations3 and a portin 5 whichbne is
ff are the characteristic electrical axwoll equations and Ohm's law then may be combined in

condctiil; ensty d veociy *~* fo...ay the induction equation form asconductivity. 01450 density and velocity, the flow way

be specified by n interaction number i and magnetic
Reynolds nmber re (in addition to the geedynamic Mach in() + i 4 .Z~m 5.  , _._

ebone numbers are defined

diffusivity. I is t~he mantcI odsnme ue
ad m* 0 m upon ( 0 ro. and a and

Fhrn i ntr, the apropriae measure of the iter- a(0) m ...
ation numbeth parameter 3 defined so at

S (I q0 )./ (pU) ) The current densty como nen arm
WhenR P,1 theta aerpae mea suvrte ofecterl (0) x

osamcting prtioen of tO region L. For a uniformb

plams _ of longth a, these numers becme The beundary conditions appropriate to Eq. (4) are
1 s 0 SO/pU 0 , ra a SrpoUOa G - I/% ,  that an insulating boudaries.

In Part It of what follows we consider (t) , constant 16)

two-dme seioal electrical conduction under conditions
of high i fot the umetedy flow of a plasid and its
emcem ves with the applied magnetic field And the wals on conductor*
electrode System. in Part Itt we consider the

- two-dimensional steady. hypersonic flow of plasme t 0
high manet&c Reynolds number througm a constant ares dn

if reemagnem dus. We desribe the current distribution were n is the iorel coordinate to the cedacter
in the platn of Pte Lz and III under the conditions urfce.

of high at but for vanishing inceraction I.

-i & 5

...I . . . . .. -, .. . , .. dr



S. The unsteady Flow Process downstream from the duct entry from the driver. At the
station 10 cmupstream from the generator inlet (x

I. the unsteady flow process, a plasmoid of initial 0.50 a) the conditions of the flow are
breadt a enters the magnetic field and electrode
region atI.t-0. The front of the plasoid mes~ Velocity a: duct centotcline 9612 mlsec

behind the shock front and beyond the contact surface M4ach number 3. 14
move at the plasmod velocity Ct . Within the plainaid Boundary layer thickness 5. S NoI(damarkad by the shock-front anw contact surface),* the
electrical conductivity is W~ while outside the At the center of the generator section (x - 0.60 a)
conductivity has the value 4,c0a' hs ale r

The applied magnetic field along the duct axis is Velocity at duct centerline 9S20 to/sec
assumed to be given by the following model profile Temperature at duct centerline 36,930 X
function2 Mach number 3.11

Boundry layer thickness 6.5 Me

0 x xIZ At the exit of the duct, (x - 0.70 a) these values are

Velocity at duct centerline 9430 m/sec
CS) tempe)(8)rature at duct centerline 36,970 K

Poach number 3.07
Dx( L2 oundary layer thickness 7.5 so

- expo~x-/Z)IThis distribution of nonuniform velocity and

(1-exwe-L/Z) J temperature in x and y (with corresponding density and
* conductivity nonuniformity) resulting from the boundary

whr (0) j.temxmmapidlayers Is used as the basi* for the electrical
wher 6 s th maimumappiedfield. The values calculations utilizing Eq. (4).* The nondimensionalized

selectsP are L. - 4h and a - 2/h -here h is the duct values are based upon the velocity and conductivity at
height. the dut Inlet (Z 0).* The Reynolds number is based

upon the channel height, h and hes the value R * 7.
C. ResultinegElectrical Distributions The velocity and temperature profiles at varicus

Stations along the duct are shown in Fig. 4. Since
Oiven an external load condition, and a given these calculations decouple the electricity from the

plasomid geadynamic condition we seek to describa the fluid behavior (weak or vanishing interaction) only the
resulting current and induced magnetic field distri- Magnetic Reynolds number, R is a relevant electrical
butions as the plasoid progresses through the mw6 duct parameter.m
and generator section. we shall consider conditions
for U U - 4/3 (corresponding to strong shockso in noble a. Resulting glectrical Distributions
gases and initial plasmoid breadths a 0 h A The
maximum nondimeonsi. al current flowing in the load The appropriate electrical equations to be solved
circuit is a rl I/ 144jf) where z is the maxims current are Bqs. (4) and (5) under steady state conditions.
per unit length flowinT to the external load. Boundary conditions are as given in Eqs. (6) and ( 7).

The velocity and temperature profiles (and the
The current streamline distributions land corresponding corresponding electrical conductivity profile) will be
induced magnetic field distribution I for a magnetic similar to those shown in rig. 31 however we shall
Reynolds number R - 10 are shown in Fig. 2. The con- reveal the effects of different absolute electrical
plete dynamics o? interaction between the generator oonductiviity levels (or velocity or size levels) by
current and the eddy-currents induced by the magnetic varying the magnetic Reynolds number for the various
field distribution are revealed in rig. 2. computed results.

111. Steady IUC Channel Flow at High 3. In Fig. 4 we exhibit the open circuit and loaded
condition for a magnetic Reynolds number ft - 1. *it

A. Channel. Applied Magnetic Field. and Plow can be seen that there is an onset of eddy cells
Configuration induced in the regrions of magnetic field gradients and

a convection of the current pettern downstream of the
We now consider the electrical conduction resulting generator. The principal generator current, however.

from the steady flow of plasma at high magnetic is still confined to the region between the electrodes.
Reynolds number in a constant ares duct. The flown
exist within the duct geometry and applied magnetic In Fig. S we exhibit the same situation but for a
field distribution shown in Fig. iIin which the magnetic Reynolds number R - 7. We note that consid-
generator electrode length is equa to the duct height. erable current flow induced by the magnetic field
?he applied magnetic field is given by Eq.. (6). gradients exists under open circuit conditions. Rate

how the upstream eddy cell actually couples into the
The flow field has been calculated as that generator electrodes. Under load, we see that theJ resulting from a reservoir which feeds the duct with generator Current exists c-ofletelv downstream from the

arge. at an inlet velocity of 10 hoo/sec. an Internal electrodes.
eneorgy of 37 NJ/kg. a pressure of 10 It bar, end a
nminmal electrical Conductivity or 2S.000 O/n at the tn Fig. 6 the conduction field for a magnetic
duct inlet. The resulting turbulent boundary layer Reynolds number No a 17.5 is shown.
interaction to considerable as the flow proceeds down
the duct. These flow distributions have been Again, oons~derabl* eddy cwrent activity exists
casulated with the STD Research Corporation Q30 family beth at open circuit and under load. The generator
of ides". current is again driven out of the interelectrode gapI and exists downstream of the electrodes.

The generator mlectrodas are located at 0.6 m



IV. Three-Dimensional Strong Interaction Dynamics 1, R > 1, it is possible to show that the transverse
at High Magnetic Reynolds Number Loretz force is of order I/R tines the axial Lorentz

force. Hence, cross plane momentum 
is weakly generated

A. Flow Structure Prediction in Hydromagntic Channel by Lorentz forces compared to axial generation. The
Flow primary source of cross plane velocity nonuniformities

is the redistribution of axial mass flow due to the
In short burst MUD generator channel flow nonuniform deceleration.

(timeecale 100 s - 1000 p s) utilizing explosively
generated and compressed plasma as a stagnation Let us now consider the electrical description.
source, the flow is very nearly a steady channel flow. With I - (U .0,0). the three-dimensional induction
At the plasma conditions of electrical conductivity, equation can b e expressed as
length scale, and velocities achievable in such flows
both the interaction parameter I (ratio of Loreints ai u
force to change of momentum) and magnetic Reynolds Ua : "T -- x + X( ' V) U -V x:(W7 x F) (9)
number R are large. For the hydromagnetic flows

typical mof the generators characterized by the
operating conditions of Table I we find the magnetic where xI is the unit vector in the x-direction end n -
Reynolds number R to be about 20 and the interaction (P0 0) is the magnetic diffusivity. The boundary
parameter I to bi about 15/mater. These conditions conditions for Y are as follows. As can be seen from
indicate that the deceleration time for the fluid is of Pig. 7 , specifications of the boundary data for U on
the order of the diffusion time for the external the channel perimeter requires solution of the external
magnetic field (consisting of applied and possible (outside the channel) as well as internal problem for
self-excited combinations) to penetrate through the . As an alternative to solution of the external
plama. One may therefore expect very significant problem, we approximate the boundary conditions for
interaction between the velocity field of the flow and a Y 5 as
the nonuniform Lorentz forces associated with the y Z
nonuniform magnetic field diffusion. B A• (  +AB)exp(-x) y > 0

In Fig. 7 we indicate schematically the interaction w A Y

of the magnetic field with the high 3 channel flow. on Z
Awey from the front and throughout e channel. the
lines are more sharply bent through the magnetic B : 

I
-
ex p (* 

X
x )

boundary layers and resemble the cross plane structure Z e
shown in Fig. 7. At high magnetic Reynolds number the ('O)
magnetic boundary layers are thin and transverse r B a 0
gradients in y,z are much stronger than axial gradients ) y
in x. Correspondingly, the generator current is on y Z -
Concentrated in the magnetic boundary layers. At the - z : +
channel inlet the magnetic field is most strongly
excluded from the flowl at the exit the field has
penetrated most deeply. We now ask how a hydromagnotic 41, U -  

h
flow will respond in Its velocity, current. orentz where --od in the decay term for the fundamental
force, and power generation distributions to thi difusion bode in a square duct, a is the far-field
fundamental nonuniformity situation in high magnetic external value of the magnetic fiel4 (totally in the z
Reynolds Nmbar, strong interaction flow. direction), end AS is the maximum compression of the

magnetic field at the generator inlet. It can be seen
that the approximate model (Sq. (10) possesses the

TABLc 1 correct limiting values at x - ca. For R >> 1, the
values at x - 0 are also close to them 

full-field
Conditions for Illustrative High Magnetic exclusion solutions. The model is least accurate for

Reynolds Number Channel Flow conditions of R Z 1.
S

For 2 the boundary conditions are a I 1 /2 on
Generator Inlet Conditions a - w where r 

is the total current-per unft depth
<"> 7 x 103 /s flowing in the generator in the transverse direction.
T 2. x 10-elX

P -. bjr C. Magnetic Diffusion and Flow Interaction

5 SxlO mho/m
(0) We now consider the predictions for flow in the

External agnetic Field (B ) 10 T generator channel of Fig. 7 under the conditions of
Generator Cross Section (h) 5 cm Table 1. For these conditions we set the generator
R 22 current at the nominal value1
m  15 "

r a (i-K) w(wuB)

B. The Mathematical Model with K = 1/2 and w = the channel width. We assume that
no field has penetrated the plama at the electrode

The fluid mechanical evolution is calculated with edge x - 0. (In general. one will expect a starting
the $TO Research Corporation Q30 code family magnetic boundary layer thickness at the channel
described an mand 9 • In the version of the Q30 family entrance dependent upon the plasma nozzle geometry and

" utilized in these calculations we center attention on the fringe field location.)
the axial velocity field U (x,y,s) and neglect the
effects of the cross flow oA secondary flow velocity The distribution of the transverse current J and
field. Since 1 3> 1, the flow is dominated by the magnetic field component a for various 1xial
electramagnetic rather than fluid mechanical viscous stations in the channel are shownein Fig. a . (There
effects, although turbulent viscous effects are is an axially directed eddy current J associated with
included in the calculation. Under conditions of I P) the fields S a-i U which is ,.ot shown here. 1 k x *



1.4 Cm the magnetic boundary layers aze exceedingly channel 1S cm long, only 10% of the ideal power is
thin ( 3 Ims). They have grown to 1.4 cm at x = 14 cm available and for a 28 cm channel only 27% is
a" 2.9 as at x * 2 . The Inward diffusing magnetic available. These results must be tempered by the
field component a z is initially concentrated along the observation that beyond 12 cm the boundary layers have
wells parallel bo the external magnetic field (elee- begun to stall; it is not likely that power extraction
trode wallas see Fig. 1). but the z component on the will be enhanced by realistic inclusion of the recir-

side wall builds up as the flow proceeds down the culation zones under stalled conditions. Hence, the
channel. The transverse current J is initially power extraction levels beyond x - 12 cm will likely
cncentrated lonq the sidewalls and Ydiffuses inward not be reached.
from these wills.
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As a demonstration that stall Is not a peculiarity

of the corner region, we show the Lorentz force and

velocity profiles at 21 cm for a higher interaction
situation (a - 2 x 1 0 mho/m) but otherwise conditions
identical to Table I (Fig.ll). In rig. 12 we see that
the entire sidewall has reversed flow under these
conditions.

In rig. 13 we show the distribution of power CONTACT
production -( .7 F) over the cross section. Power is ELECTRODES ,PLAsAOIC
only produced in the mid-well layer regions and is SsGCK RONT

actually consumned in the corner and sidewall layers
where reversed flow takes place. The overall power
extraction per unit length, dP/dx. is defined as the
integral of the power density over the channel cross
sections EXPLOSIVEDRIVER LOAD

1E,.f ( -F.i :
dx - A

The ideal power atraction for uniform flow is

- J ' 'AGN(T

(1) KO( I f BK A fIELO COIL.
dxideal DR 0IVE& W - t-'O iVIN GAS

i In Fig. 14 de exhibit the ratio of tr.ese quantities for 9-2974

the conditions of Table 1. It ian be seen that for a Fiq. 1. Schemati.. ,f explosion Arive. plasmoi f'low.
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riq. 2. Induced magnetic field isolevels (current density streamlines) at R - 10 in unsteady passage of
explosion-driven plasmoid. At time t - 0, the shock front is at the edqe of the applied maqgnetic field.
Upper fiqure in each time sequence indicates plasmoid position. LoWer fiqure indicates magnetic field
isolevels. Note intense eddy-current cells in (a) and (e) when plasmoid is in region of applied maqnetic

field gradient and out of ranqe of electrodes. tn (bl, the generator current is concentrated in a thin

zone behind the shock front. In fc), the plasmoid has progressed lownstream so that the qenerator current

is stronqly convected lownstream. Ir (d), the qenerator current an" lownstream eddy cell interact

toqether.
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Fig. 4. Induced mangetic field isolevels a"' for
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(hi the generator is under load (.r 1).
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